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ABSTRACT Keel bone damage (KBD) is a critical is-
sue facing the laying hen industry today as a result
of the likely pain leading to compromised welfare and
the potential for reduced productivity. Recent reports
suggest that damage, while highly variable and likely
dependent on a host of factors, extends to all systems
(including battery cages, furnished cages, and non-cage
systems), genetic lines, and management styles. Despite
the extent of the problem, the research community re-
mains uncertain as to the causes and influencing fac-
tors of KBD. Although progress has been made inves-
tigating these factors, the overall effort is hindered by
several issues related to the assessment of KBD, includ-
ing quality and variation in the methods used between
research groups. These issues prevent effective compar-
ison of studies, as well as difficulties in identifying the
presence of damage leading to poor accuracy and reli-
ability. The current manuscript seeks to resolve these
issues by offering precise definitions for types of KBD,
reviewing methods for assessment, and providing rec-
ommendations that can improve the accuracy and reli-
ability of those assessments.
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INTRODUCTION
Keel bone damage (KBD) is a major problem for
commercial laying hens, with the United Kingdom’s
Farm Animal Welfare Council (FAWC) advising that
it is one of the most important issues facing the industry
(FAWC, 2010, 2013). The primary concern stems from
the pain birds are likely to experience following KBD
which has critical implications for welfare (Nasr et al.,
2012b). Additionally, the limited information that ex-
ists suggests that KBD negatively affects productivity
(Nasr et al., 2012a), posing financial concerns for pro-
ducers. In response to this problem, multiple research
efforts are focused on assessing the causes of KBD and
associated risk factors, the consequences for the birds,
economic impacts, and means to reduce their occur-
rence and severity. Current approaches for studying
KBD were recently reviewed at the 2014 International
Keel Bone Damage Workshop and recommendations for
research to determine the causes, solutions, and impli-
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cations for welfare and productivity in hens with KBD
were agreed on and have recently been published else-
where (Harlander-Matauschek et al., 2015). The present
paper focuses exclusively on methods of assessing KBD
and their appropriateness given different environments,
research objectives, and budget constraints. We initially
provide definitions for the types of KBD typically seen
in commercial settings and then review a variety of
methodologies to assess damage. Of the discussed meth-
ods, palpation is by far the most common technique
used to assess KBD, but its accuracy, as well as the
ways in which results are reported, vary considerably
across studies, limiting its usefulness as a research tool
for comparison in different contexts. Both the quality
and reliability of KBD assessment by palpation could
benefit from individual assessors improving their abili-
ties at identifying damage. To that end, we provide sug-
gestions for improving detection with palpation, review
the literature on training methods that have proven suc-
cessful in related fields, and identify potential sources of
error in assessment. We also review specific criteria for
reliability and consistency that assessors should achieve
in order to consider themselves competent. Finally, we
recommend a format for recording and reporting KBD
to improve comparison across studies.
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DEFINING KEEL BONE DAMAGE:
FRACTURES AND DEVIATIONS
The Keel Bone
The keel is a pronounced bone that extends from the
sternum and runs axially over the midline. It is situated
ventral to the heart where it anchors the muscles used
for wing motion, the pectoralis major and pectoralis mi-
nor. The length of a keel bone from the Carina apex
to the caudal tip along the ventral surface (Figure 1)
is approximately 9 to 12 cm, though this varies with
genetic line, age, and other factors (Toscano, personal
observations). The height of the keel measured from the
Carina apex to the dorsal surface is approximately 30
to 33 mm (Casey-Trott, Heerkens, Toscano, personal
observations). Damage can broadly be divided into 2
categories: fractures and deviations.
Fractures
Fractures are characterized by sharp bends, shearing,
and/or fragmented sections of the keel bone. Fractures
may extend from the ventral to the dorsal surface in
the sagittal plane, though they can also be cranial to
caudal, or a combination of both. Photographs of frac-
ture damage with increasing severity in adult laying
hens can be viewed in Wilkins et al. (2011) and radio-
graphic images of the progression of healing are given
in Richards et al. (2011). The possible causation of keel
fractures is unknown, though collisions with internal
housing elements have been suggested as a potential
cause. The role of collisions as well as other factors as a
cause of fractures (e.g., strong muscular contractions)
are discussed elsewhere (Harlander-Matauschek et al.,
2015; Sandilands et al., 2009).
A keel fracture in a live bird is most typically identi-
fied (through palpation) by the presence of callus ma-
terial on the ventral and lateral surfaces as a product
of the regenerative healing process in the period after
the fracture has occurred. The healing process consists
of several phases each involving the formation of a dif-
ferent type of tissue (Einhorn, 2005). The initial phase
of the regeneration process starts with an inflammatory
response that results in the formation of a hematoma
and granulation tissue. Next follows the formation of a
soft callus on the fracture site consisting of cartilaginous
or chondroid tissue. In the third phase, ossification of
the soft callus takes place to form a hard or bony cal-
lus (Einhorn, 2005) consisting primarily of woven bone
Figure 1. Keel anatomical descriptions (a) and orientations (b).
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Figure 2. Method of quantifying deviation from a straight line. Viewing the keel with the ventral surface facing towards the observers (where
the ventral surface is represented by the solid line), software can be used to calculate the area or number or pixel numbers from a line drawn
between distal and caudal points on the keel (represented by the dashed line). Output from software calculating the pixels associated with the
variation is shown.
tissue. Eventually, the woven bone is gradually replaced
by lamellar bone tissue during the remodeling phase.
The presence of a callus can be fairly obvious by pal-
pation, though this will vary with the size and loca-
tion of the fracture, and in minor cases it will be rel-
atively small (i.e., <1 mm3 ) and thus more difficult
to detect. For the callus characteristics to appear, the
fracture must be old enough for it to have formed, and
hence they are often referred to as ‘old breaks’ (Wilkins
et al., 2004). As an additional characteristic, a bulbous
area around the fracture site resulting from inflamma-
tion can indicate the presence of recent or ‘new’ frac-
tures. Surprisingly, evidence of new fractures is rarely
found (Toscano, personal observations) suggesting this
inflammation may occur only for a short time. In con-
clusion, we propose that keel fractures be defined as
keels manifesting the presence of a periosteal scar or
callus which would indicate the ongoing healing pro-
cess following a fracture. Presence of the inflammatory
response should also be included, though ideally noted
separately.
Deviations (from normal)
While fractures are characterized by a defect in the
architecture of the bone and an interruption in the pe-
riosteum, a second type of KBD commonly seen lacks
these characteristics and requires its own definition.
Terms to describe this alternate damage have included:
bending, S-shaped, twisted, or curved keels (Fleming
et al., 2004; Lay et al., 2011; Habig and Distl, 2013),
though these can be easily misinterpreted without a vi-
sual image and thus we advocate a more descriptive
definition. The possible causation of this class of dam-
age and its implications for animal welfare are discussed
elsewhere (Harlander-Matauschek et al., 2015; Sandi-
lands et al., 2010; Pickel et al., 2011). We propose that
a keel bone deviation be defined as a bone with an ab-
normally shaped structure that has not resulted from a
fracture but contains section(s) that vary from a theo-
retically perfect 2-dimensional straight plane in either
the transverse or sagittal planes. Additionally, indenta-
tions along the ventral surface can also be classified as
a deviation.
METHODS FOR ASSESSING KEEL BONE
DAMAGE (OTHER THAN PALPATION)
Recent efforts have sought to expand the methods
which can be used to assess KBD beyond palpation
and visualization with the naked eye. While we believe
that palpation will continue to be the chief means of as-
sessing KBD due to its low cost, ease of adoption, and
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the method being well-validated, alternative methods
should be considered as they can offer additional insight
that is not possible by palpation alone. In this section,
we provide a short summary of non-palpation methods
to assess damage as a resource for researchers interested
in identifying a technique that meets their particular
needs. The reviewed techniques are not exhaustive, but
include methodologies that range from relatively ‘low
tech’ that can be easily performed on-farm at mini-
mal cost, to methods that require access to expensive
equipment and specialized facilities (e.g., magnetic res-
onance imaging). All of the discussed methods can be
performed on live birds and thus provide several ben-
efits including capacity for longitudinal observations,
reduced loss of egg production, and an overall decrease
in the loss of life. Euthanizing the bird and a visual
inspection with the ‘naked eye’ would allow for a rela-
tively objective assessment of damage, though has ob-
vious detriment. Additionally, even the inspection of
an excised keel may fail to detect internal damage that
some of the methods described in this section would
identify. Each of these concerns would need to be eval-
uated to determine the most appropriate method for
the particular circumstances and goals of a given ex-
periment. The techniques have different strengths, and
with each we have tried to present the relative benefits
and detriments.
X-radiation (X-ray)
A form of electromagnetic radiation, X-rays can be
directed into and through the body towards a detector
located behind the image of interest. Due to variation
in the absorbance capacity of various tissues (e.g., bone
has a relatively high concentration of calcium which
absorbs radiation effectively), an image or ‘shadow’ is
created on the detector which can indicate patterns of
structures within the body. The technique is limited in
that only 2-dimensional images can be produced. Ad-
ditionally, repeated X-ray exposure can be a potential
health hazard to the bird, and the human operator, but
reasonable precautions can minimize this risk. Radio-
graphic equipment is widely available, particularly in
universities and veterinary clinics, and has been suc-
cessfully used to assess keel damage in anesthetized
birds (Richards et al., 2011). More recently, work by
Sirovnik et al. (in prep) developed a procedure using
portable X-ray equipment that allowed for images to be
made directly in the production facility without anes-
thesia by hanging the birds upside down and exploiting
their natural inclination to remain still in this position.
For the study, only 6 birds at a single age were used,
with varying levels of keel fracture, thus additional work
is needed to validate the method. One of the advan-
tages of using radiographs is that it allows identifica-
tion of recent fractures (e.g., before an inflammatory
response) and fractures involving the dorsal aspect of
the keel, which are impossible to identify by palpation
alone (Richards et al., 2011).
Ultrasonography
Using high frequency sound (ultrasound) waves, ul-
trasonography captures the reflection of sound from
structures within the body yielding images of various
tissues. A major benefit of ultrasound is that neither
the human operator or hen are exposed to ionizing ra-
diation and thus the technique is much safer than the
X-ray approach. The technique has been used to assess
keel fractures in adult hens (Sandilands et al., 2010),
although it has not been extensively validated. In this
method, the associated probe is run along the ventral
ridge of the keel bone and the recorded image is ob-
served for fractures. Depending on the breast muscle
mass, the probe can also be run along the lateral sur-
face of the keel to obtain additional information on de-
viations. The biggest challenge in using ultrasonogra-
phy is determining the appropriate size and shape of
the probe to best detect fractures, although the asso-
ciated equipment is likely to be far less expensive than
that for the X-ray approach, and safer for the operator.
The feather cover around the breast, especially in pul-
lets and young hens, as well as breast muscling, could
also impact the efficacy of this technology. Lastly, it is
likely that it will be more difficult to identify damage in
the generated images than the other imaging techniques
discussed (i.e., radiography and tomography).
Peripheral quantitative computed
tomography (pQCT)
Tomography uses a narrow beam of low level ra-
diation and clinical computed tomography machines
can conduct a full scan in few minutes. Depending on
the gantry size of the scanner, multiple hens can be
scanned at the same time. As the scan time is very
short, hens can be restrained manually without use of
any anesthetics. Resulting 2-dimensional images can
be post-processed with imaging software to create 3-
dimensional models of the keel bone which can be used
for further calculations, e.g., average volumetric den-
sity at any particular cross-section of the keel bone
(Regmi et al., 2013). The final images are expressed
in Hounsfield units and common imaging software like
MIMICS (Materialise, Plymouth, MI) enable the oper-
ator to select an appropriate Hounsfield unit threshold
to separate surrounding soft tissues from the keel bone.
The resulting 3-dimensional images are of a highly ac-
curate geometry. A major advantage of pQCT over the
other described methods is that the 3-dimensional im-
age can be rotated in all planes (360 degrees) to iden-
tify minor breaks and fracture calluses. The technique
is also of particular benefit for identifying fractures on
the dorsal surface and the tip of the keel which are
very difficult to identify with other techniques. As a
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drawback, pQCT machines used for clinical purposes
generally have a large voxel size which makes it impos-
sible to differentiate the various types of tissue within
the keel. Also, machines are not portable and thus can-
not be used for on-farm situations.
Straight line reference
To quantify deviations in the sagittal plane, Strat-
mann et al. (personal communication) quantified the
amount of deviation in excised keels by comparing the
actual path of the keel’s ventral surface with a referen-
tial straight line in terms of the area within the bound-
ary created by these 2 lines. The study was conducted
as a preliminary investigation and involved only 10 end
of lay, Lohmann Selected Leghorn hens with a range
of deviated keels, thus the procedure will require fur-
ther study to ensure validity. Although the method does
require a computer and relevant free software (e.g., Im-
ageJ available from National Institute of Health), anal-
ysis could theoretically be performed with photographs
and thus allow for both on- and off-farm assessments.
Future Technologies
New, non-invasive, technologies need to be developed
that identify chickens with keel fractures without han-
dling them. The possibility exists that handling itself
could contribute to keel bone fractures, especially in
aging laying hens as they have to be captured, as-
sessed, and then released during the evaluation process
(Knowles and Wilkins, 1998). Potential technologies in-
clude automated images of keels that assess changes in
electrical or thermal properties of the bone that cor-
relate with a fracture. Thermography of the injury site
has been shown differences between hens with and with-
out fractures, and unexpectedly suggested that the keel
area was cooler when fractures were present (Nasr et al.,
2012a).
ASSESSING KEEL BONE DAMAGE BY
PALPATION AND SUGGESTIONS FOR
IMPROVEMENT
Currently, the most common method of evaluating
keel damage in conscious birds is by palpation due to
its simplicity and relatively low cost. Despite its wide
use, palpation for keel fractures is likely to suffer from
poor accuracy and repeatability, particularly when as-
sessors have not undergone appropriate training. The
following section reviews several recommendations to
improve the quality of assessment and provide guidance
to those performing palpations.
Diagnostics to Assess Validity and
Reliability of Palpation
Palpation is a manual technique that is used for the
localization and confirmation of anatomical landmarks
such as bone, muscles, and organs, or to derive infor-
mation about function, such as pulse rate (Ullrich and
Kuhlen, 2012). The procedure is widely used within the
fields of human and veterinary medicine as a diagnos-
tic tool for identifying injury, or as a method to deter-
mine the necessity for more comprehensive assessments.
Although palpation is routinely used by practitioners,
the validity and reliability of associated techniques have
historically been a point of contention (Seffinger et al.,
2004). To evaluate the effectiveness of a methodology
in identifying whether individuals are affected by the
condition, quantification of sensitivity, specificity, and
the positive and negative predictive values should be
assessed. A detailed explanation of these terms and
how they are calculated can be found in McKenna and
Dohoo (2006). Reports of low sensitivity using palpa-
tion to detect certain conditions (Wiest et al., 1998), as
well as low intra- and inter-observer reliability (Seffin-
ger et al., 2004; Degenhardt et al., 2005; Wood et al.,
2006; Myers et al., 2011), indicate that a detailed pro-
tocol and comprehensive training both play a vital role
in determining whether a palpation method is capable
of producing accurate, precise, and consistent results.
In addition to quantifying the attributes of diagnos-
tic tests to gauge the quality of collected data (Dohoo
et al., 2009), it is equally important to know the true
status of a condition via a gold standard (McKenna and
Dohoo, 2006). Subjective visual determination of frac-
tures, following post-mortem dissections, has generally
been used as the “gold standard” to determine the true
prevalence of fractures and the specificity, sensitivity,
and accuracy of palpation for assessing keel damage.
However, few studies have assessed the correlation be-
tween scores from gross visual assessment of dissected
keels, and more accurate measures such as radiographic
or microscopic examinations. Some keels identified as
non-fractured during post-mortem visual examination
have been shown to have histological evidence of frac-
ture (Scholz et al., 2008), suggesting even the gold stan-
dard currently in use may be questionable. Richards
et al. (2011) found that radiography was more sensi-
tive than palpation for detecting minor fractures in live
birds, with new and/or minor fractures characterized
by a radiolucent fracture line. It is not however known
whether these minor fractures could also be detected by
the naked eye. It may be best at this time to consider
values for keel fractures determined from post-mortem
visual assessment as “apparent” prevalence rather than
“true” prevalence.
Additionally, sensitivity and specificity of a test can
vary across populations (Dohoo et al., 2009). To date,
values for sensitivity and specificity of palpation tech-
niques based on comparisons with visual assessment of
dissected bones have only been reported for keel and
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furculum fractures in end of lay hens (strains not re-
ported; Wilkins et al., 2004) and for keel fractures in
brown hens near end of lay (Petrik et al., 2015). When
evaluating furcular and keel fractures, Wilkins et al.
(2004) reported an accuracy of > 70%, and sensitivity
between 0.86 and 0.87. Specificity, on the other hand,
ranged from 0.38 to 0.76 indicating a high degree of
false negatives which the authors attributed to a varied
level of experience among the examiners. Similar ranges
were reported by Petrik et al. (2013) where only keel
bones were scored: accuracy 87 to 97%, sensitivity 0.72
to 0.87, and specificity 0.52 to 0.67. The apparent preva-
lence of fractures, confirmed by dissection, was similar
in both studies at 65% in Wilkins et al. (2004) and 62%
in Petrik et al. (2013).
In addition to the test attributes discussed above, the
intra- and inter-rater reliabilities of a test (consistency
or level of agreement in scoring within and between
observers, respectively) are critical for determining the
quality of data generated from its application (Viera
and Garrett, 2005). Cohen’s Kappa statistic is generally
used for testing levels of agreement above that expected
by chance and its value can be used to interpret how
well raters agree (Landis and Koch, 1977). Addition-
ally, having observers blind to experimental treatment
may be important for reducing observer bias which can
lead to error in scoring (Hro´bjartsson et al., 2013). In
relation to the current topic, a recent report on the ef-
fect of soft perches on KBD determined intra-observer
reliability by having 2 observers involved in the study
score a sample of live birds twice, with a 2- hour interval
between scorings (Stratmann et al., 2015b). The investi-
gators subsequently evaluated inter-observer agreement
on 43 live birds following completion of the experiment.
They reported Kappa values of 0.7 (substantial) and
0.54 (moderate) for intra- and inter-observers reliabil-
ities, respectively. These authors also reported confor-
mance between palpation and post-mortem assessment
(κ = 0.53) with an accuracy of 68%. Self-evaluation
such as these should be considered as a requirement
when reporting KBD.
Training for Palpation
The primary approach to improving palpation is to
better develop the skills and consistency of the exam-
iner. Improvements can be achieved through a variety
of means, including technologically advanced solutions
used during the training phase to evaluate and improve
the technique of the examiner. Some examples include
using 3-dimensional animations (van Sint Jan, 2007;
Norman and Dall’Alba, 2013) or computed tomography
scans (McCormick et al., 2003) to improve the visual-
ization of anatomical structures. Medical simulations
with virtual palpations (Bossaert et al., 2009; Ullrich
and Kuhlen, 2012), sensor-enabled mannequin technol-
ogy (Pugh, 2013), or force-feedback technology (Baillie
et al., 2003) have also been used to train or evaluate
palpation skills.
When technologically advanced methods are not
possible, targeting how palpation techniques are best
learned and understood can lead to better training
methods. Palpation training is a critical part of the
curriculum for veterinarians, doctors, physiotherapists,
and osteopaths and yet it is often referred to by stu-
dents as one of the most difficult clinical skills to learn
(Esteves and Spence, 2014). To become an expert at a
given task, thousands of hours of practice of the tech-
nique are required (Ericsson et al., 2007). In training of
veterinary students, for example, the Australian Cattle
Veterinarians recommend that 2,000 cows be palpated
for pregnancy before a student is considered to be eli-
gible to take their competency exam for this procedure
(Norman and Dall’Alba, 2013). In terms of palpation
expertise, although gender and level of medical educa-
tion did not affect accuracy, higher overall experience
level significantly improved the validity and reliability
of palpation techniques used by human medical practi-
tioners (Pugh, 2013).
Esteves and Spence (2014) proposed several steps for
palpation training of osteopathic students. According
to their recommendations, meaningful practice is re-
quired to consistently locate anatomical landmarks, and
skills can be improved by having a thorough under-
standing of the anatomical features, physiologic func-
tion, and biomechanical role of the region of inter-
est. Additionally, exercises that encourage visuo-spatial
thinking train the brain to more effectively use tactile
skills to produce a mental 3-dimensional image, and
enhance the examiner’s ability to visualize the struc-
ture. Once a thorough understanding of the form and
function of the structure has been grasped, palpation
in damaged, altered, or imperfect keels should then be
included in the mix of practice palpations. Discussions
regarding the causality and probability of the injury,
as well as providing feedback and interpretations of the
student’s skills were recommended as a regular part of
the training process. Regardless of level of expertise,
Esteves and Spence (2014) considered routine reflection
on one’s own validity and reliability in practice as essen-
tial to developing and maintaining competent palpation
skills.
Learning the skill of palpation provides the founda-
tion for producing accurate palpation diagnoses; how-
ever, maintaining consistent results is a constant chal-
lenge. Degenhardt et al. (2005) reported improvements
to intra- and inter-observer reliability when consensus
training was used. Consensus training allows all ex-
aminers to observe each other’s individual palpation
and scoring techniques. The group then discusses which
techniques most effectively located the anatomical fea-
tures and produced an accurate diagnosis, followed by
the creation of a detailed description of the agreed
on palpation protocol that will be used by the group.
A second study also recommended routine ‘recalibra-
tion’, which is a process in which the individual is
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reminded of the original palpation protocol and subse-
quently assesses their current techniques and makes the
necessary adjustments to return to the original protocol
(Degenhardt et al., 2010).
To date, Petrik et al. (2013) is the only study that
reported the accuracy and inter-observer reliability of
scoring palpations for keel fractures in laying hens over
the course of training. In that study, 8 assessors scored
a total of 100 laying hens and achieved an overall mean
accuracy of 91.8%, Kappa value of 0.437, and a true
prevalence of 67% determined by dissection. The train-
ing process involved a practice session on 10 laying
hens to familiarize the examiners with the technique,
followed by individual scoring and an assessment of
the accuracy and inter-observer reliability on those 10
birds through consensus training during post-mortem
dissection and examination, an approach similar to that
suggested by Degenhardt et al. (2005). The assessors
then independently scored an additional 90 birds. Mean
accuracy of individual assessors increased significantly
from birds 1 through 10 (73.3%) to birds 11 through
100 (94.1%). The Kappa value from the first 50 birds
was 0.414, whereas the Kappa value for the last 50 birds
was 0.474 (Petrik et al., 2013) indicating that consensus
training and practice did improve the inter-observer re-
liability of the group. The results from this study pro-
vide useful reference values and an example of a suc-
cessful training method. More studies of this kind are
warranted to establish a repeatable range of Kappa val-
ues and test ways to further improve the inter-observer
reliability of the examiners.
Variations in the Criteria for Assessing KBD
The palpation methods currently in use originate pri-
marily from 2, key seminal works (Wilkins et al., 2004;
Scholz et al., 2008) which have since been adopted
and/or combined by a variety of research groups in their
assessment of KBD. While broadly similar in their clas-
sification of damage, a key difference exists and requires
resolution. In contrast to Scholz et al. (2008), Wilkins
et al. (2004) did not incorporate the existence of de-
viations (bends in the transverse and sagittal planes).
Thus, this initial work by Wilkins et al. (2004) and
subsequent assessments by the Bristol group (Richards
et al., 2011, 2012; Wilkins et al., 2011; Tarlton et al.,
2013; Toscano et al., 2013; Nasr et al., 2015) and oth-
ers (Rodenburg et al., 2008; Nicholson and O’Connell,
2010; Donaldson et al., 2012) based their grading of
fractures independent of deviations. Keel bones with
deviations were observed in developing the Wilkins
method; however, they were excluded from the scor-
ing system as this alteration in shape was believed to
result from a normal remodeling process in response
to continual, low-grade pressures. For instance, perch-
ing is a likely source of such pressure and has been
shown to be associated with deviations (Tauson and
Abrahamsson, 1994; Vits et al., 2005; Barnett et al.,
2009; Pickel et al., 2011; Regmi and Karcher, 2013).
In contrast to the Wilkins/Bristol-developed method
focusing entirely on fractures, Scholz et al. (2008) in-
corporated deviations into their assessment as well as
fractures. Using 162 keels from euthanized hens, Scholz
et al. (2008) found that 51% of keel bones which showed
a slight deformity macroscopically (i.e., no visible frac-
ture seen by the naked eye but some type of deviation
was present) had histological evidence of a fracture in
the form of newly woven bone. Moreover, the newly wo-
ven bone was comparable to the bone growth present
on more severe macroscopic deformities, leading them
to suggest that this subgroup of ‘slight deformities’ had
actually suffered a fracture as well, a finding also re-
ported by others (Fleming et al., 2004). The results by
Scholz et al. (2008) strongly indicate that even slight
deformations which are not recorded in the scheme by
Wilkins et al. (2004) may actually possess keel bone
fractures in approximately half of those identified as
lacking damage. Moreover, a scoring scheme based on
palpation of living hens might underestimate even mod-
erate and severe deformations in comparison to a more
thorough visual assessment of carcasses. These concerns
have led other research groups (Kappeli et al., 2011;
Gebhardt-Henrich and Fro¨hlich, 2013; Heerkens et al.,
2013; Habig and Distl, 2013; Stratmann et al., 2015a,
b) to incorporate keel bone deviations into their scoring
systems. The subsequent variety in scoring systems and
methodologies has led to challenges in comparison and
interpretation of results from different groups.
A Binary System to Improve Palpation
Assessment
In identifying the most appropriate means to assess
KBD, different methods exist, with each offering partic-
ular benefits and shortcomings in usage. Regarding pal-
pation, given the complications in making comparisons
across studies, the authors propose a simplified scoring
system which would be beneficial to the collective effort
of identifying the causes of KBD and reducing their oc-
currence and severity. In addition to the direct benefit
of greater ability to compare across studies, a simplified
system allows for several indirect benefits including:
 Improved comparisons across research groups lead-
ing to greater consistency and less replication, a
key component of the 3R’s objective for ethical re-
search (https://www.nc3rs.org.uk/the-3rs).
 Easier interpretation of results by government and
non-governmental agencies in efforts to formulate
and develop recommendations and policy.
 Possibilities for meta-analysis across types of sys-
tems, feeding and management practices, and ge-
netic lines.
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Our proposed system – the Simplified Keel Assess-
ment Protocol (SKAP) – has several features which
we believe will ease reporting, interpretation, and com-
parison when assessing KBD in live hens. Firstly, SKAP
addresses both fractures and deviations, but as 2 sepa-
rate, mutually exclusive, binary categories where a total
of 4 resultant possibilities exist. It is unknown if keel de-
viations without fractures are associated with pain or
affect the animal’s welfare, though it is possible that de-
viations weaken the structure of the keel, rendering it
more susceptible to fracture. In support of this notion,
White Leghorn hens at 71 wk of age with severe keel
deformities had poorer bone mineral density compared
to hens with normal keels (Hester and Enneking, 2014).
A weakened structure is particularly concerning given
that half of keels with slight deviations in one study
contained histological evidence of fracture (Scholz et al.,
2008). Thus we believe deviations should be included in
assessments given the possibility that they may have a
direct effect on welfare as well as indirectly contributing
to the occurrence of fractures.
Secondly, the SKAP system does not attach a mea-
sure of severity to either deviations or fractures, but
rather their presence or absence. We believe this to be
a benefit for investigations as it eliminates the diffi-
culties and ambiguities in determining whether some
fractures are less or more severe than others, and in
comparing these categories across efforts in different
labs. The criteria for assigning severity grades to KBD
varies across research labs and include: the size of the
fracture, whether deviations are present, and categories
such as ‘slight’ or ‘major’ which are not explained fur-
ther and thus offer poor objectivity. Percentages within
these scoring systems are often provided (Kappeli et al.,
2011; Wilkins et al., 2011; Toscano et al., 2012; Tarlton
et al., 2013) and can suggest patterns over time, though
will have little meaning outside the research group of
the authors. While we do believe that severity measures
would be an important tool in determining when dam-
age becomes severe enough to warrant intervention, the
authors concluded that information to establish mean-
ingful thresholds for severity grades is currently lack-
ing. In order to make definitive distinctions in regards
to lesser or greater severities of KBD, we encourage
researchers to develop and validate such methods and
incorporate them into the SKAP methodology. For in-
stance, results of severity can and should be reported
alongside the binary classifications of fracture and devi-
ation, which practice would not take away from the sim-
plified format and the discussed benefits. In this man-
ner, the presence or absence of KBD can be reported
and interpreted easily with minimum ambiguity. Ide-
ally, reports containing efforts at grading severity can
be applied retrospectively to data previously collected
using the SKAP format. Given this possibility and the
numerous academic research groups, institutions, and
certification schemes that are conducting assessments
of KBD, the authors envision potential for a web-based
platform where scientists could upload their results
Table 1. Prevalence of keel bone damage scored us-
ing the Simplified Keel Assessment Protocol (SKAP)
with data from both palpation of live birds and vi-
sual assessment during dissection (n = 202). Absolute
numbers as well as percentages of the total in paren-
theses are provided.
Assessing Keel Bone Damage by palpation
Deviation
Yes No Total
Yes 71 (35%) 35 (17%) 106 (52%)
Fracture No 22 (11%) 74 (37%) 96 (48%)
Total 93 (46%) 109 (54%) 202 (100%)
Assessing Keel Bone Damage by dissection
Deviation
Yes No Total
Yes 70 (35%) 43 (21%) 113 (56%)
Fracture No 37 (18%) 52 (26%) 89 (44%)
Total 107 (53%) 95 (47%) 202 (100%)
using a SKAP scoring sheet into a database which could
be publicly accessed and used for analysis by others. To
facilitate and encourage the uptake and use of the sys-
tem, we have developed a scoring sheet which is publicly
available via the provided internet link1 or by contact-
ing the corresponding author.
Understanding Errors in Palpation Scoring
Using SKAP
The levels of accuracy, sensitivity, and positive pre-
dicted values (true positives/no. of positive calls × 100)
discussed earlier indicate that palpation is an effective
method to detect the presence of fractures more than
70% of the time; however, approximately 30% of frac-
tures (as determined by a visual inspection at dissec-
tion) can go undetected. While some of those fractures
may be impossible to detect by palpation alone, it is
possible that a portion of false negatives could be elim-
inated by more intensive training, practice, and an un-
derstanding of where errors commonly occur.
A total of 202 live end of lay (68 to 81 wk old)
Lohmann LSL Lite hens were palpated and scored by
a single investigator. Birds were selected for scoring by
live palpation from furnished cages, conventional cages,
and an aviary system and subsequently euthanized for
post-mortem assessment to determine the true nature
of the factures and deviations. The observer was blind
to the palpation keel score during the post-mortem as-
sessment of the true keel status. Complete results of
the outcome are provided (Table 1). Criteria for KBD
(fractures and deviations) were those proposed in this
manuscript using SKAP, though we attempted to in-
clude a measure of severity for deviations including: no
deviations, deviations <0.5 cm from 180◦ in the sagittal
plane (minor), or greater (severe).
The overall accuracy for detecting fractures by pal-
pation was 84%, with sensitivity 81%, and specificity
1https://drive.google.com/file/d/
0B0SUUWVOoDdQakxNUzY5MlhKMmc/view?usp=sharing
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Table 2. Detailed description of the location of fractures that were correctly
assessed by palpation (True +), as well as location of fractures that led to
errors in palpation (False - and False +) as compared to the true nature of
the keel at dissection. A total of 73 keels were correctly scored as having no
fracture (True -). Accuracy of fracture detection by palpation was 84%. A
total of 202 keels were assessed. Absolute numbers as well as percentages of
the total in parentheses are provided.
True + False − False +
Fracture Location Palpation Dissection Palpation Dissection
No Fracture N/A 22 0 0 11
Tip 58 (60%) 0 18 (82%) 7 (63%) 0
Middle 8 (8%) 0 0 2 (18%) 0
Tip & Middle 30 (31%) 0 4 (18%) 2 (18%) 0
Total 96 (48%) 22 (11%) 11 (5%)
Table 3. Detailed description of the severity of deviations that were correctly
assessed by palpation (True +), as well as location of deviations that led to
errors in palpation (False - and False +) as compared to the true nature of
the keel at dissection. A total of 93 keels were correctly scored as having no
fracture (True -). Accuracy of deviation detection by palpation was 91%. A
total of 202 keels were assessed.
True + False − False +
Severity Palpation Dissection Palpation Dissection
None N/A 17 0 0 2
Minor 31 (34%) 0 16 (94%) 2 (100%) 0
Severe 59 (66%) 0 1 (6%) 0 0
Total 90 (45%) 17 (8%) 2 (1%)
87%. Of the 202 keels assessed, 96 were identified as
true positives and 73 as true negatives for fractures.
The overall accuracy for detecting deviations by palpa-
tion was 91%, with sensitivity of 84%, and specificity
97%. Of the 202 keels assessed, 90 were identified as
true positives and 93 as true negatives for deviations.
The overall true prevalence of fractures and deviations
determined by dissection were 53% and 56%, respec-
tively.
In regards to fractures, 82% of false negatives were
found on keels with fractures located approximately
2 cm from the caudal tip (Table 2). These fractures
were likely missed by palpation since, in the majority
of cases, there was no callus, bony ectostosis or suture
that could be felt on the ventral surface of the Carina
sterni. However, this type of fracture was visually de-
tected on the dorsal surface of the keel and thus repre-
sents a category of damage which will likely be unde-
tected by palpation independent of the level of training.
Further histological analysis of this type of fracture in
future studies may help provide insight into the frac-
ture severity and healing stage of this type of injury, in
particular whether this damage warrants concern. The
remaining 18% of false negative fractures were on keels
that had both a fracture near the tip as well as in the
mid-section of the keel.
When considering the relationship between devia-
tions and false negative fractures (i.e., fractures were
present though not recorded), 60% of false negatives
were from non-deviated keels. The majority of these
missed fractures were from the type of keel described
above where the fracture can only be detected on the
dorsal surface, i.e., not by palpation. It is possible that
perfectly straight, non-deviated keels (with fractures)
are occasionally assumed to be normal, non-fractured,
keels when mixed in with a group of hens with highly
damaged or deviated keels, as the assessor either de-
velops a bias or does not palpate them as thoroughly.
Extra caution needs to be taken to use a consistent
and thorough palpation technique on every keel that is
scored, particularly when prevalence of fractures and/or
deviations in the population are high. The second most
common source of undiagnosed fractures (23%) were
found on keels with a relatively severe deviation where
the Carina sternimanifested a folding over, i.e., the keel
was no longer straight in the sagittal plane. These frac-
tures were found on the lateral surface of the keel where
the fold deviation appeared to have caused a hairline or
stress fracture. Unless the fracture is severe, detecting
this type of fracture on the lateral surface of the keel is
very difficult by palpation alone.
Of the false positives that were detected for fractures,
64% were found in keels with a small deformation on
the keel, within 0.2 cm from the caudal tip. In these
cases the very caudal tip of the keel appears to have
curved forward in the frontal plane sometime during
calcification of the keel. This deformation, detected as
a small raised structure during palpation, was misinter-
preted as a callus, but no visible signs of fracture were
identified during dissection.
Although scoring accuracy for deviations was high
(Table 3), of the false negatives that were detected
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during dissection, 94% were found on keels with only
a minor deviation that may have been difficult to de-
tect during palpation due to muscle or fat deposition.
False positives were rare for deviations (1%).
One potential limitation of this case study is that all
palpation scoring and dissection scoring were completed
by the same observer. The errors made by this single
observer may not be the same as other observers using
palpation, making external validity a potential concern.
Prior to scoring the keels used in this case study, the
observer completed training in keel palpation scoring
as an assessor in Petrik et al. (2013) described previ-
ously. Further practice of keel palpation was completed
on 250 Lohmann LSL Lite hens ranging in age from
16 to 50 weeks with a variety of KBD, although this
was done without subsequent dissection. All palpation
training and practice was completed prior to the scoring
reported in this case study.
Recommendations
We recommend that all assessors develop a clear un-
derstanding of the form and function of the keel bone.
Assessors should be given the opportunity to palpate a
wide variety of keels ranging from straight intact keels,
to mildly and severely deviated or fractured keels. Fol-
lowing familiarization with the keel bone and its vari-
ous forms, observers should practice palpation scoring
followed by visual assessment during dissection. Results
from Petrik et al. (2015) suggest that practice on a min-
imum of 10 and more likely 50 laying hens is required
to achieve an acceptable level of accuracy and reliabil-
ity in a population with a prevalence of 60 to 65%. The
number of hens needed for achieving this level is likely
to vary with the age and genetic line of birds, type
of housing system, diet, and even management style,
and may not be transferred easily if these circumstances
change. It should be noted that the lower the prevalence
of KBD in the population of hens used for training, the
greater the number of animals required. Discussion and
consensus among multiple assessors regarding the keel
status and the sources of error during palpation should
follow the dissections. Accuracy, sensitivity, and speci-
ficity should be calculated, and a minimum of 75%,
0.80, and 0.60, respectively, be achieved if results are
to be considered valid. If 3-dimensional imaging were
made available, sessions in which trainees could com-
pare palpation to the image of the structure would be
highly beneficial. When multiple assessors are involved,
Kappa values and prevalence of damage should also be
reported. After acceptable levels have been achieved,
palpation scoring in the field can begin; however, pe-
riodic recalibration is encouraged for all examiners, re-
gardless of experience level, in order to reduce drift over
time from the standard palpation protocol. Records of
these measures should be maintained and provided as
assurance that KBD is being assessed accurately in de-
liverables such as publications.
CONCLUSIONS
The current work seeks to improve the quality of
KBD detection by offering what we believe to be a sim-
plified but superior method of categorizing and report-
ing keel conditions that incorporates both deviations
and fractures as separately recorded characteristics. It
is also necessary that the assessor improve their own
abilities and thus we advocate learning from and adopt-
ing techniques from related fields which regularly use
palpation in pursuit of this objective. Lastly, methods
in addition to palpation are reviewed in order to provide
researchers alternatives to palpation that can improve
the reliability of their assessments but also offer infor-
mation that cannot be achieved with palpation and/or
dissection alone.
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